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Abstract 

We consider the mechanism of screening of the Dirac flavor structure in the context of 
the double seesaw mechanism. As a consequence of screening, the structure of the light 
neutrino mass matrix, m^, is determined essentially by the structure of the (Majorana) 
mass matrix, Ms, of new super-heavy (Planck scale) neutral fermions S. We calculate 
effects of the renormalization group running in order to investigate the stability of the 
screening mechanism with respect to radiative corrections. We find that screening is stable 
in the supersymmetric case, whereas in the standard model it is unstable for certain 
structures of Ms- The screening mechanism allows us to reconcile the (approximate) 
quark-lepton symmetry and the strong difference of the mixing patterns in the quark and 
lepton sectors. It opens new possibilities to explain a quasi-degenerate neutrino mass 
spectrum, special "neutrino" symmetries and quark-lepton complementarity. Screening 
can emerge from certain flavor symmetries or Grand Unification. 
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1 Introduction 



Quarks and leptons show an apparent correspondence which suggests their common origin Tl . 
The observation is based on the pattern of quantum numbers and the fact that both quarks 
and leptons come in three fermionic famihes (generations). This allows quarks and leptons 
to be embedded into unique multiplets associated with extended gauge symmetries El El 
1^. In spite of lack of further experimental confirmations, the quark-lepton symmetry and 
unification ^ |2llSll5 are still the most appealing concepts in physics beyond the Standard 
Model (SM). 

Tiny neutrino masses emerge naturally from the seesaw mechanism El , which implies 
the existence of right handed neutrino fields I'ji and new high energy scale. The seesaw scale 
turns out to be numerically rather close to the scale of Grand Unification (GU), which emerges 
from the unification of gauge couplings. It seems as if both gauge and fermion unification 
point in the same direction of certain Grand Unified Theory, like SO(IO) GUTs 0. 

On the basis of quark-lepton unification (symmetry) one would expect similarities between 
the mass and mixing patterns of quarks and leptons. However, observations |71 jSl do not 
support this expectation. Indeed, 

• Neutrino masses and mixings differ strongly from those in the quark sector. The hi- 
erarchy of neutrino masses, if exists, is weaker than the quark mass hierarchy. The 
2-3 leptonic mixing is maximal or close to maximal, whereas the corresponding quark 
mixing is very small. The 1-2 leptonic mixing is large but not maximal and it seems 
smaller than the 2-3 leptonic mixing. In contrast, the 1-2 quark mixing - the largest 
quark mixing - is small. The only common feature is that the 1-3 mixings are small in 
both sectors. 

• Data seem to indicate a particular "neutrino symmetry" 9_ which does not show up 
in other sectors of the theory. This includes maximal or nearly maximal 2-3 mixing 
and relatively small 1-3 mixing. If the neutrino mass spectrum would turn out to be 
quasi-degenerate^, this could imply certain symmetry too. However, it is very difficult 
to extend the suggested symmetries not only onto the quarks but also to charged leptons 
and models {e.g. tl^ which realize such neutrino symmetries are quite involved. 

• In the context of the seesaw mechanism, the observed values of neutrino masses require 
the masses of the right-handed (RH) neutrinos to be Mjv ^ 10^^ GeV, i.e. two orders 
of magnitude below the Grand Unification scale, Mgu- Furthermore, the data implies 
a certain flavor structure and a hierarchy of the RH neutrino mass matrix which may 
indicate that the scale of RH neutrino masses emerges as a combination of the GU-scale 
and some other scale close to the Planck mass Mpi: 



• The experimental values of the quark and lepton mixing angles between the first and 
second generations appear to sum up to the maximal mixing angle: 



^This would be necessary if the evidence for neutrino- less double beta decay jlO] would be confirmed. 
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with the leptonic mixing angle 612 and the Cabibbo angle 9c- The interpretation of such 
a quark-lepton complementarity relation [I'll 1131 1141 115j is rather controversial. If it is 
not a numerical accident, relation Q implies some quark-lepton connection which is 
not present in ordinary GUTs. It may require some additional structure in the leptonic 
sector which produces maximal mixing and therefore has certain symmetry. 

All these observations can be considered as hints against a simple unification of quarks and 
leptons. 

There exist various attempts to reconcile the possible quark-lepton symmetry (unification) 
and the strong difference of patterns of masses and mixing in two sectors. The main problem 
is that the strong hierarchy of eigenvalues and small mixings of the quark mass matrices 
imply a certain hierarchy in the Dirac type Yukawa couplings which propagates due to the 
symmetry/unification to the lepton sector (see, however JE])- One possible solution is that 
dominant contribution to the neutrino masses, e.g., from the Yukawa coupling with a Higgs 
triplet, has no analogy in the quark sector. However, even in this case, it seems rather 
unnatural that some Yukawa interactions have a particular symmetry which is not realized 
for other Yukawa interactions. In the context of seesaw mechanism the observed features of 
neutrino masses and mixing can be related to a particular structure of the Majorana mass 
matrix of the RH neutrinos jl7l I18j . 

In this paper in order to reconcile the observed pattern of the neutrino masses and mixings 
and quark-lepton symmetry, we elaborate on the double seesaw mechanism |19| . Specifically, 
we will discuss a version where the flavor structures of the Dirac type Yukawa couplings 
cancel completely |171 l2Uj , in the light neutrino mass matrix. The properties of the neutrino 
mass matrix are entirely determined by physics (in particular, symmetries) at energies above 
the Grand unification scale. We will call this "screening of the Dirac flavor structure" or 
simply "screening" and we will show it may lead to a natural solution of the above mentioned 
problems. 

The paper is organized as follows. In sec. I^J we describe the screening mechanism. We 
consider the renormalization group effects and the stability of the mechanism with respect to 
radiative corrections in sec. El Various applications of the mechanism are studied in sec.|^ In 
particular, we consider a possibility of the degenerate neutrino mass spectrum, existence of 
particular neutrino symmetries, and the quark-lepton complementarity. In sec. we discuss 
how the screening mechanism can be realized in GUT and models with family symmetries. 
Conclusions are presented in sec. IHl 

2 The flavor screening mechanism 

In addition to the SM particles we introduce the three right-handed neutrinos, i^m = N^, 
{i = 1, 3, 3), three left-handed singlets Si and Higgs boson singlet a. The leptonic interactions 
are assumed to have the following features: 

1. The SM leptonic doublets L, have Yukawa couplings Yy with A'^ = {i'r)'^] 

2. The Majorana mass terms of the right-handed neutrinos, are forbidden or strongly 
suppressed; 

3. The right-handed neutrinos Aj have Yukawa couplings Yjsj with singlets Si and a Higgs 
boson (t; 
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4. The singlets Si have Majorana mass terms, thus violating the lepton number. 



Under these assumptions the following Yukawa interactions and mass terms appear in the 
Lagrangian 



= L^Y^N4> + S^YNNa + -S^MsS + L^YJ" 



+ h.c. 



(3) 



(the flavor indices are omitted here) . The last term in eq. El is the Yukawa coupling which 
generates masses for the charge leptons; in the Standard model: (pd = (p = ^o"20*- After the 
Higgs bosons develop the non-zero VEVs, {(p) and {a), the neutrino mass matrix is generated 
in the basis (u, N, S) 

YA(P) 



M 







Yj^ (a) 



(4) 



YN{a) Ms 

For (0) <^ (a) <C Ms it realizes the double (or cascade) seesaw mechanism IT^. (The case of 
singular matrices Ms will be considered separately in sec. I4.5j) . Block diagonalization of the 
matrix Q) leads to the mass matrix of light neutrinos 



m,. 



YAYi 



N) 



''Ms{yS) 



(5) 



This matrix has the remarkable feature that the Dirac type Yukawa coupling matrices 
cancel provided that Yi, and Y^ are proportional, i.e., if 



Y, = c-Yn 



(6) 



with constant c being typically of the order unity. (Its deviation from unity can be e.g. due 
to the renormalization group effects.) As a result of the cancellation the mass matrix of light 
neutrinos becomes 



Ms, 



(7) 



where the neutrino mixings emerge entirely from the flavor structure in Ms The flavor 
structure of the Dirac type Yukawa couplings is completely eliminated, while it still deter- 
mines all the features of the quark masses and mixings. We will call such a cancellation the 
screening of the Dirac flavor structure in the lepton mixing or briefly, screening. Screening 
is a consequence of the double seesaw (jlj) and the proportionality These features can 
emerge from certain flavor symmetries or Grand Unification, as it will be discussed in sec. El 
The scale of neutrino masses is determined by the scales of the double seesaw. Taking 



VEW, (cr) ~ Mgu ~ 10^^ GeV, Ms ~ Mpi 



one finds from ((Jj) 



VEW 

Mgu 



Mpi , 



(8) 



(9) 



which lies in the phenomenologically required range, while the flavor structure of the neutrino 
mass matrix, and consequently the mass ratios and mixings are determined by the Planck 
scale physics ^. 

■^In the paper |21l the double seesaw matrix has been considered with only one new singlet S (so that 
the Yn is the 3 component column). However, such a matrix can not reproduce the required mass spectrum of 
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The Majorana mass matrix of the right handed neutrinos, M^v, generated after the first 
seesaw equals 



For the mass scales given in eq. © we obtain Mjv ~ M^jj/Mpi < 10^^ GeV which reproduce 
the relation required by phenomenology. 

An attractive scenario could be that some symmetry in the sector of singlets S exists. This 
symmetry leads to a particular and simple structure of Ms at high scales. The symmetry is 
broken at lower scales and incomplete screening, if exists, can be related to this breaking. In 
fact, phenomenology may require deviations from complete screening. Perturbations might 
e.g. explain the observed mass splitting of the light neutrinos in the case of a degenerate 
spectrum of the singlets Sj. In this connection one can explore the following origins of 
perturbations (breaking) of the structure (|4I6|) : 

• Nonzero elements in the 1-1, 1-3 and 2-2 blocks of matrix in eq. Q: These blocks have 
different gauge properties and the origin of these perturbations can be quite different. 

• Mismatch between Yy and Yat destroying cancellation. 

• Perturbations in Ms- They may follow from the Planck scale physics. If the eigenvalues 
of Ms have some hierarchy then one needs to take into account the renormalization 
effects due to the Yukawa interactions oi S, N and a which influence the structure of 
matrix Ms- 

A structure of the mass matrix for {v, N, S) with non-zero 1-3 block (the direct i/5-terms) 
has been considered in ref. [22j. Under certain conditions the matrix leads to the linear 
dependence (instead of quadratic or no dependence in our case) of the light neutrino mass 
matrix on the Dirac flavor structure. In a sense this realizes the half-screening effect. 

Notice that one can introduce the Majorana mass matrix of the RH neutrinos in the 
form (|1U() immediately without invoking the double seesaw mechanism. This is done in [5^] 
where form Mjy = — (a)'^ Y^Y]\f + 5Mjq with dMpq being the correction matrix has been 
postulated. In contrast, we propose a model for the structure ((111)) based on the double seesaw 
mechanism and additional flavor symmetry or /and Grand Unification. 

3 Screening and renormalization group effect 

In this section we will consider effects of the radiative corrections j241 1251 1261 127j on the screen- 
ing mechanism. The proportionality relation © required for screening, holds presumably at 
the large scale of Ms or above that. However, the couplings Y^ and Yy have different gauge 
properties and their renormalization group running to the EW scale leads to different radia- 
tive corrections which may destroy the screening effect. On the other hand, small mismatch 
of the renormalized Yukawa matrices (partial screening) may explain some of the observed 
properties of the neutrino mass spectrum and mixings. 

light neutrinos for any structure of Yjv. The complete mass spectrum consists of three Majorana neutrinos with 
masses (in our notations) ~ Ms, ~ (f)^ /Ms, ~ {(f))'^ Ms / (o")^, and two pseudo-Dirac neutrinos with masses 
at the electroweak scale: ~ {(j>). There is only one light neutrino. A possibility to get a correct spectrum in 
the model |21) is to introduce the direct non-negligible contribution to the RH neutrino masses (2-2 block) of 
the form YJ M'Y^, where M' is some 3x3 matrix to be tuned to fit the data. 




(10) 
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(0) (1) (2) ^ (3) 
' ' ' ' 



(0) Ml Ms Ms A 

Figure 1: The thresholds due to masses of the right-handed neutrinos and the intervals of the 
RG running. 



In what follows we will consider a minimal scenario - corrections due to the SM and MSSM 
interactions. Presence of other physics beyond the standard model can lead to additional 
renormalization effects. 

3.1 Renormalization group effects 

Here we will consider the renormalization group effects below a certain scale A which in turn 
is somehow below the masses of singlets Ms'- 

Mi^A< Ms, (11) 

here Mj are the masses of RH neutrinos (see Fig. We consider Ms as the mass matrix 
of singlets at A, so that possible renormalization effects on Ms due to the couplings Yat are 
included. 

Let us stress that for the hierarchical Yukawa matrix Y^, and consequently Y/v, the mass 
spectrum of the RH neutrinos is (in general) strongly hierarchical: Mjv ~ Y^. Therefore 
effects of the RG running between different mass thresholds is crucial |281 1291 13UI 1231 131j . 

(n) 

Let us introduce the effective operator Om which generates neutrino masses in the basis 

^ = -{u^, AtT) (^T^ ^r)T (;L2) 

The superscript (n) designates the number of right-handed neutrinos which are not decoupled 
at a given energy scale, that is, neutrinos in the effective theory. This superscript will denote 
also a range of RG-running with a given number of RH neutrinos, and we use also the notation 

(n— m) (ra)(n+l) (m— l)(m) 

z =z z ... z z . 

(3) 

Below the scale A the singlets S are integrated out, and the effective operator Om can be 
written as 

/ (3) 

Y^^ 

(3) (3) 

V Yj Mn 
Here 

(3) (3) 

Mn= - {af Yj M^i Yat (14) 

(3) 

is the mass matrix of the three RH neutrinos at the scale A, and Y^ is the matrix of Yukawa 
couplings at A. 



(3) 

Om (A) 



(13) 
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(a) Higgs self-coupling 



(b) Gauge interactions 



Figure 2: The d=5 operator vertex corrections. Shown are additional divergent diagrams in 
the effective theory. 

The effect of the RG evolution can be split in effects coming from the renormalization of 
the wave functions and the vertex corrections. It turns out, that the RG corrections can be 
factorized in the leading log (LL) approximation. So, in general, the renormalizations of Y^^, 
Mjq and niycfp' / (0)^ (operator of the light neutrino masses) are given by 

Y, ^ zI,Y,Zm (15) 
Mn ^ zIMnZn (16) 
m,0V ^^^2 RG^ Z^^,m,(t?/ (0)2 Zext^. • (17) 

Here Zext combines the renormalization effect of the left-handed doublets L, the Higgs doublet 
(j), and the vertex correction to Yj^; Zj^ denotes the wave function renormalization effect of the 
RH neutrinos A^. In order to simplify the presentation, we define the wave function renormal- 
ization so that the usual powers of 1/2 factors are absent. Eq. H17|) describes renormalization 
of the effective dimension d=5 operator which appears after decoupling (integration out) of 
the corresponding RH neutrino. Apart from renormalization of the wave functions and ver- 
tices which exist in the SM model this operator has additional vertex corrections given by 

the diagrams in Fig. [zj The RG effect due to these diagrams denoted by plays a crucial 
role in the discussion of the stability of screening These d=5 operator corrections are absent 
in the supersymmetric version of theory due to the non-renormalization theorem [321 133j . 

We describe the RG effects in the effective theory, where the heavy RH neutrinos are 
decoupled successively^ [1111111120112211^ as depicted in Fig.^ In each step (interval between 
mass thresholds) we first calculate the RG correction to the matrices. We diagonalize the 
resulting matrices at the lower end of the interval, i.e., at /x = Mj and then decouple A^j, 
(i = 3,2,1). We will denote the renormalization factors in the leading log approximation 

in) {n) 

by Z= 1-|- ^Z . This notation is also used for parameters of the effective theory. The 
renormalization factors in the extended (by RH neutrinos) SM and the MSSM are given in 
appendix El 

Let us describe the main steps of the renormalization procedure, which is especially simple 
in the basis where matrix is diagonal. (This basis, however, does not coincide with the 
flavor basis.) 

■^The running between mass thresholds of RH neutrinos has been treated analytically in the approximation 
of strongly hierarchical and diagonal Yukawa matrix in ref. |23|. Here we present a general consideration 
required for our approach. 
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(3) 

1). The RG evolution between A and M3 yields the operator Om at M3 

/ 



(3) 

Om (M3) 





V ••• 



(3) (3) (3) 
(3) (3) (3) 

ZIMnZn 

(3) 



(18) 



Performing a rotation of the RH neutrinos N =Un N' we reduce the renormalized RH 
neutrino mass matrix to the form 



(3^ (3^ (3) (3) (3) 

Uj^Zj^MmZmUn- 



(2) 

Mn 
M3 



(19) 



(2) 



where Mat is 2 x 2 (in general off-diagonal) mass matrix. Let us split the 3x3 Dirac type 
Yukawa coupling matrix in H18() after this rotation into two parts as 



(3) (3) (3) 

Zq^iYuZnUn^ 



(2) 



(20) 



(2) 



where 2/3 is the 3 component column of the Yukawa couplings of u and A''3, and is the rest 
3x2 sub-matrix. Then in the rotated basis the operator (|18|) can be written as 



(3) 

Om (M3) 



/ 



V 



(2) 

Yu 4> y34> 

(2) 

Mn 
M3 / 



(21) 



Below the scale M3 the neutrino N3 is integrated out and from H21|) we obtain 



(2) 

Om (M3) 



(2) 

Mn 



(2) 



(22) 



Notice that the d = 5 operator is formed in 1-1 block due to decoupling of A''3 



2). Let us consider the RG running in the interval M2 — M3. Similarly to the first step we 
can write the operator Om at the scale M2 (threshold of A^2) as 



(2) 

Om (M2) 



V 



(2) (2) (2) 

Zl,Z, ysM^'y^^'' Zext 



(2) 



(2) (2) \ 
T V A Z 



^ext ^ V 



(2) (2) (2) 
ZJjMZn J 



(23) 



Here we have included the corrections to the d=5 operator. 

(2) 

By applying the rotation N' =Un N" the renormalized mass matrix of the RH neutrinos 
is diagonalized: 



(2), (2)^ (2) (2) (2) 

UnZnMZnUn^ 



(1) 

Mn 
M2 



(24) 
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The renormalized Yukawa matrix is then spUt as 



(^) (2) (2) (2) _ , 



(1) 
ly, V2 



(25) 



(1) 



where Yj^ and y2 are two component columns. DecoupUng the second neutrino we obtain 



(1) 

Om (M2) 



/ (2) (2) (2) 



V 



(1) 
(1) 

Mn 



(26) 



3) . Running the matrix down to the lowest see-saw scale Mi and integration out A'^i yields 



(0) 

Om (Ml) 



{l-2)(i_2) 



(1-2) 
3 2/3 (f>' ^cxt 



.T i2 



(1) 



z. 



ext 



■(1) (1) ^^-l ^^-l 



(1) (1) (1) 



(1) 

^ext 



(27) 



(0) 

4). Finally, evolving Om (^1) down to the EW scale, we obtain (after (j) develops a VEV) 
the mass matrix of light neutrinos 



(0-3) (3) (3) (3) 

{<^f zI,Y,ZnUn 



K 



12 



with 



_ (2) (2) 

K12 =ZnUn 



(0) 

(1) 





(0-2) 
A/3 

\ 



(3) (3) (3) (o_3) 
T T T 



(28) 



V 



(0-1) 
A/2 



(2) ^ 



(29) 



This expression can be presented in a simpler and transparent way. Using definitions of 

(2) (3) 

matrices Un and C/at in eqs. (|2H [19|1 we can rewrite rrii, as 



■(3) (3) (3)- 



z 



ext ) 



where 



(3) (3) (2) (2) 



Xn =ZnUnZ'j^U'j^ Z^ U ^Zj^ ^Uj^Z^^ 



(2) (2) (3) (3) 

describes the RG effects due to the running between the thresholds. Here 

(2) 



z' 



N~- 




(30) 



(31) 



(32) 
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Figure 3: Examples of the two loop diagram which destroy factorization of the vertex correc- 
tions to the effective neutrino mass matrix. 



and 



/(O) (0-1) (0-2)^ 

= diag Z^, , Zf, 



(33) 



is the matrix of effective d=5 operator corrections (fig.|2l). The expressions for Zext are given 
in appendices lA. II and IA.2I Formulas (P5|l and (PU)) for rrii, are our main results which we will 
analyze in the following sections. 

3.2 Stability of screening 

Inserting the expression for the matrix Mjv, eq. (|14|) . into eq. (|3(H1 we obtain 

[(3) (3) 



2 -^cxt 



Xn Ms Y^-^Yj 



(3) (3) 
-T- 
N 



z 



'cxt 



(34) 



If the equality © is satisfied, the neutrino mass matrix becomes 



m,, = 



■T 



2 ^ext 



(3) 



(3) 

Y, Xn Y-^ Ms 



Z. 



'cxt • 



(35) 



Therefore screening is reproduced and the dependence of rriy on the Yukawa (Dirac) couplings 
disappears if X^ = I. The expression (jH^ coincides with that in Q up to external renor- 
malization. In turn, according to eq. (|ST|) the equality Xjv = / holds provided that Z^ = I, 
that is, when the d=5 operator corrections are absent. This is automatically satisfied in the 
supersymmetric theory, but the corrections are present in the SM and its non-super symmetric 
extensions. 

Note that the d=5 operator corrections are due to the gauge interactions and self inter- 
actions of the Higgs boson, which are by themselves flavor blind. However, they influence 
the flavor structure of the light neutrino mass matrix due to difference of masses of the RH 
neutrinos and therefore different threshold effects. 



3.3 Beyond leading log approximation 

Beyond the leading log (LL) approximation the RG contributions still factorize except for the 
d=5 operator corrections. Thus, our analysis does hold beyond LL in the MSSM, but it does 
not apply in the SM due to diagrams like in Fig. 01 However, the 2 loop contributions to the 
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external renormalization are smaller than the 1 loop corrections by a factor of y^/lGvr^ < 0.01 
and the 1 loop threshold corrections are not enhanced by large logarithms. 

For certain structures of Ms (see sec. HJ the additional 2 loop diagrams lead to corrections 
to the renormalization of the effective neutrino mass operator which could be comparable to 
the 1 loop corrections. However, assuming the same hierarchy in the neutrino Yukawa cou- 
plings as in the up-type quark Yukawa couplings, these contribution are further suppressed 
since the heaviest right-handed neutrino is already integrated out. Therefore all 2 loop con- 
tributions in the effective theory are suppressed by yl/l^vr^ < 10~^ compared to the 1 loop 
contributions. Altogether higher loop contributions are less than 10% of the 1 loop corrections 
and will be neglected in the following. 



3.4 Effects of vertex corrections 



In order to study the d=5 operator corrections in the (non-supersymmetric) standard model 
in more details we introduce the matrix Vn which diagonalizes the RH neutrino mass matrix 
at A: 



(3) (3) (3) 



Mn Vn = {ay Vj^ Yj^ Mg' Yn Vn = Dn ^ diag(Mi, Ms, M; 



3;- 



(36) 



(2) (3) 

In the lowest order approximation: Zn=Zn= 1, and according to (fl9|) and PH) we obtain 



(3) (2) 

Therefore the matrix (|.Slj) can be rewritten in the form 



Xn = VnZ^vI = 1 + VnSZ^vI,, 



where 



5Z^ = Z^-I. 
Plugging this expression for Xjv in (|34j) we find 



2 -"ext 



/+ Y, Vn5Z^vI Y, 



MsZ 



ext • 



Finally, using (|3(ij) we can rewrite rriy as 

1 



(3) 



(3) 



2M5+ Y, Vn{6Z^D^^)vJ; yJ 



z 



ext • 



(37) 



(38) 



(39) 



(40) 



According to this expression the effects of d=5 operator corrections are reduced to renormal- 
ization of masses of the RH neutrinos since 6Zf^ is diagonal. 



4 Applications of the Dirac structure screening 

Here we apply the results obtained in the previous section to several phenomenologically 
interesting structures of Ms- We study effects of the radiative corrections on the light neutrino 
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mass matrix. The matrix Ms will be defined in the basis where the equality of the Yukawa 
couplings © is fulfilled. 

In the previous sections we have found my in the basis where the neutrino Yukawa coupling 
matrix Y,^ is diagonal. Now we will discuss ml - the neutrino mass matrix in the flavor basis 
where the charge lepton mass matrix Y,, is diagonal. It is related to rrii, as 

ml = U^m^Ue, (41) 

where Ue is the transformation of left handed charged lepton components which diagonalizes 
the matrix Yg at the electroweak scale. The radiative corrections to Yg are in general small 
due to the strong mass hierarchy. 



4.1 Quasi-degenerate neutrino spectrum 

Let us first consider Ms which is proportional to the unit matrix at A, i.e., 

Ms 



Mil. 



(42) 



This choice is apparently basis independent and we can take therefore Yi, = Yj\f = diag(?/i, y2, 2/3). 
The right-handed neutrino mass matrix is diagonal and strongly hierarchical: 



Therefore Vn 



Mn -- 
I and we find 



YnMs^ 



Ms 



■diag {yj, yj, yfj . 



(43) 



m 



/ 



;MlU^Zl,[I + 6Z^]Z,,,Ue 



The corrections are also diagonal 



exp ( A diag ( 0, In In 

^3 Vs 



O(O.l) 



where 



A 



167r2 



A H gf + -<79 



(44) 



(45) 



(46) 



This leads to splittings of the light neutrino masses which would be degenerate otherwise. 

Note that the external corrections (due to the wave function renormalization of the left- 
handed leptons, eq. HA.1|) . and the vertex corrections to the neutrino Yukawa couplings, 
eq. (|A.1|) 1. are described in general by off-diagonal matrices due to the mismatch of Y^ and Yi, 
structures. As the charged lepton Yukawa couplings are also strongly hierarchical, the largest 
fiavor dependent correction is the one to the 3-3 element. Neglecting the off-diagonal entries, 
it can be estimated as 



-2 



167r2 A 



yl 



n' In — — 
167r2 A 



O(O.l), 



(47) 



where the second term (due to the neutrino Yukawa coupling) dominates. It has the same 
order of magnitude as the correction due to the d=5 operator renormalization in eq. H45|) . 

''We assume a strong hierarchy in and use ~ Yu for the numerical estimates. 



11 



Let us now comment on a possibility to explain the neutrino data. In the non-super symmetric 
version the mass split, Am, generated by the d=5 operator corrections. Am = m-QdZ, leads 
to Am^ = 2moAm = 2mg(5Z = (2 - 8) • 10"^ eV^ for the overah scale mo = (0.1 - 0.2) eV. 
This can reproduce the atmospheric mass split, but it is too large for the solar mass split. 
The ratio of solar and atmospheric mass squared differences. 



Am|i 
Am|2 



1712 — fni 
ms - m2 



o{i), 



(48) 



does not fit the observations. The external corrections do not improve the situation either. 
Therefore some other (non-radiative) contribution is required to compensate the 1-2 mass 
split. Mixings can also be generated by small (non-radiative) corrections. 

In the supersymmetric version we have dZ^ = and Zy^ = I, so that the mass splitting 
is produced by the external renormalization only: 



m 



/ 



(49) 



In the flavor basis we obtain the mass split due to Yukawa couplings coming from the external 
renormalization: 

^^P -^diag(ye, y^, y^)ln-^ , (50) 

where the neutrino Yukawa couplings are neglected. This can provide the atmospheric mass 
split and the mixings should be generated again by correction to the zero order structure. 
Next, we consider for Ms the "triangle" structure 



1 
Ms = I 1 
10 



(51) 



in the basis where the neutrino Yukawa matrices are diagonal. In lowest order it produces a 
degenerate mass spectrum and maximal 2-3 mixing of the light neutrinos. This matrix leads 
to a spectrum of RH neutrinos with two heavy degenerate states and one relatively light state: 



Ml ■ 



M2N = -MsN 



(q") 2/22/3 

MO • 



(52) 



The renormalization interval "(2)" (see fig. ^ is therefore absent and the matrix of d=5 
operator corrections can be written as 



sz^ 



/ (1)^ 
exp 6 Z^ 



1 



diag(0, 1, 1) 



(1) 

6 Z^= Aln 



2/22/3 



(53) 



where A is defined in eq. H46() . The state A^i decouples and maximal mixing is realized in the 
2-3 block of Vn. Using this feature and eq. (|53|) we find from eq. (|l0|l 



mi. 



( 1 







V 1 - (5 



\ 

(1) 







ZextUe ■ 



(54) 
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Therefore the d=5 operator corrections do not destroy the triangular structure, but they lead 
to mass splits between the degenerate pair and the isolated state: 



Am 



m 



(1) 



(55) 



(1) 



In the super symmetric version 5 Zi^= 0, so that the original "triangle" structure is renormal- 
ized by the external corrections only. In this case, one also needs perturbations of the original 
screening structure in order to get the correct mixings and mass split. 

As a third possibility we consider for Ms the "triangle" structure which leads to a degen- 
erate spectrum and maximal 1-2 mixing: 



1 
Ms = M^s\ 1 
1 



(56) 



Similar considerations as above results in the mass spectrum of RH neutrinos with two light 
degenerate states and an isolated heavier state: 



MiN = -M2N 

For the light neutrinos we find 



Ml ■ 



MO 



(57) 



Z. 



M: 



(0) 



/ 



MM 



V 1 




cxf-^e ) 



where 



.2^ ( y\y2\ 
b Zi^= exp ^m — ^ 

V yi ) 



1 . 



(58) 



(59) 



The corrections due to running of the d=5 operator are of the same order as in the previous 
case. The mass split 



(2) 



Am32 = 2moAm32 = -Im^^b Z^= (2 - 8) • lO^^eV^ , 



(60) 



for mo = (0.08 — 0.16) eV can explain the atmospheric neutrino data. The external renor- 
malization contributes in the same way as for Ms oc /. 

In the supersymmetric version the "triangle" structure is preserved. Therefore the original 
matrix Ms as given in eq. should be perturbed in order to produce phenomenological 
acceptable mixings. 

Let us comment on the possibility to generate the lepton asymmetry of the Universe via 
the CP-violating decay of the lightest right handed neutrino(s) j34j . In the case of diagonal Ms 
the mass of the lightest neutrino A'^i is in the TeV range. So, according to [22] tbe produced 
asymmetry is too small to explain the Baryon asymmetry via sphaleron effect. In contrast, 
in the case of a triangular matrix Ms (|58|) there are two quasi-degenerate RH neutrinos with 
masses M ~ 10^ GeV, and resonant leptogenesis can produce the required asymmetry. 
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4.2 Perturbations of Ms 

Let us consider perturbations of the structure of Ms (which can be required by phenomenol- 
ogy) and effect radiative corrections on these perturbed structures. 
As an example we take the matrix 



Ms = M^s\ X 1 (61) 




with X being a free parameter. Now the second and third neutrinos are no longer degener- 

(2) 

ate and the renormalization factor in the interval "(2)" between their masses appears. 

(n) 

Approximating by 1 + ^ln(M„/M„+i) we obtain for the light neutrinos 



mi = ^MluJ zl Zl, I ... x{l + A) mf^ 1 + Amf, | Z^^^Ue , (62) 



1 



33 



where the threshold dependent corrections, m^^, equal 



mr2 = -31nA+fi-^') In ^ 
V2 x^y) y 



y + 1 



mi = -31nA + ^ln^ , (63) 
2y y + 1 

xy y + 1 

Here y = 1 + 4 (|)^ and A = 2/2/^/3- (The logarithms depend on the ratios on the RH 
neutrino masses M2/M3.) 

The nonzero 3-3 element is generated in eq. H62() by the radiative corrections. Furthermore, 
this element can be enhanced by small parameter x in the denominator, provided that A is 
also small enough. Indeed, from eq. (|63() we find explicitly 

2^ A 

In — , X ^ A 

X X 

1.26A 
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X 

Ax 



x = 2\ (64) 
X < A 



Since A ^ 10^^, the 3-3 element can be of the order 1 or even more if, e.g., A <C x < 10~^. 
Thus, a quasi-degenerate Ms with nearly maximal 2-3 mixing leads after (non-supersymmetric) 
renormalization group corrections to the hierarchical mass matrix rrii, with small mixing. The 
texture H61|) is not stable against quantum corrections, since the structure of rrii, strongly dif- 
fers from the original structure of M5. 

This example shows that radiative corrections can substantially modify the original tex- 
ture of Ms in the light neutrino mass matrix for particular Ms- In other words, radiative 
corrections may destroy screening. 
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Apparently the corrections are small if A ^ x ~ 1. This corresponds to phenomenologi- 
cally important case of the dominant 2-3 block: 



e 











X 


1 





1 


X 



Ms = M^\ X 1 I (65) 
with X ~ 1 and e <C 1. 

In the supersymmetric version of model screening is stable, since there are no d=5 operator 
corrections due to non-renormalization theorem. Note also that exact off-diagonal structures 
of Ms are stable, but small perturbations are unstable with respect to radiative corrections. 



4.3 Neutrino symmetry 

The mass matrix Ms of the singlets S has no analogy in the quark sector, and general, it 
is not related to the quark mass matrices. Furthermore, Ms is generated at a higher scale, 
than the GUT scale. Therefore it is possible that Ms has certain symmetry which does not 
show up (or is broken) at lower scales. If screening is realized as discussed in this paper, 
this symmetry propagates immediately to the light neutrino sector. Ms can therefore be the 
origin of a specific "neutrino symmetry" which is not seen in the quark and in the charged 
lepton sectors. So, screening allows us to reconcile special "neutrino" symmetry [Oj and the 
quark-lepton symmetry. 

The examples considered in sec. I4.1l illustrate this possibility, since the matrices (|42l51l56j) 
have certain symmetries. These symmetries are protected from large corrections in the su- 
persymmetric case, while they can be strongly broken in the non-super symmetric versions, or 
when some other interactions and fields beyond the SM or MSSM exist. 



4.4 Quark-lepton complementarity 



According to the quark-lepton complementarity relation |12| II 3| I14| I15j , the lepton mixing 
is given by maximal mixing minus the quark mixing. This may imply an existence of certain 
structure in the lepton sector which generates maximal (bi-maximal) mixing and the quark- 
lepton symmetry in some form. In models with screening mechanism, the mass matrix Ms 
which has no analogy in the quark sector, can be the origin of the bi-maximal mixing. Then 
the CKM type mixing follows from the charged lepton mass matrix which is related to the 
mass matrix of the down quarks, so that Ue = Uckm- In the lowest order (without radiative 
corrections) we find from eq. (|4H) 



m 



f 



Ui'MsUe 



u, 



CKM 



uz 



bmMT'UljJcKM: 



(66) 



23 ^ ^V2 is the bi-maximal mixing matrix and RJ- are the 7r/4-rotations in 



where Ubm = R 

the (ij) planes. So, the leptonic mixing matrix equals Upmns 



U, 



CKM^bm 



This real- 



izes the so called "neutrino scenario" which leads to deviations from the exact quark-lepton 
complementarity relation [14K 

The bi-maximal mixing is produced by the mass matrix |36j 



j^^bimax 
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where B,C,D are arbitrary parameters. As we have found in section lT^ in the non-supersymmetric 
case, such a matrix may be unstable with respect to radiative corrections: the d=5 operator 
corrections can, in particular, suppress the maximal 2-3 mixing. This can be easily seen for 
vanishing B and small D, when Ms reduces to a triangular structure which is not stable 
under radiative corrections, as we have shown in sec. 14.21 



4.5 Singular Ms 

Let us consider the special case of singular Ms, detM^ = 0, which can be a consequence of 
certain symmetry in S sector. Now one can not use immediately and the whole double 
seesaw mass matrix should be considered. In what follows we will show that the tree-level 
mass matrix of light neutrinos is still proportional to Ms, that is, eq. © will hold even 
if Ms is singular. For this we will compare the light neutrino mass spectra in the lowest 
approximation found from the whole double seesaw matrix M and from the matrix rriu after 
decoupling of the heavy degrees of freedom in eq. © . 

According to eq. © the condition det Ms = implies (at least one) zero eigenvalue in 
the spectrum of usual LH neutrinos. The same follows from the complete matrix. Indeed, 

detM = - (det det Ms = 0, 

and hence, zero eigenvalue of Ms leads to a massless eigenstate of M. The non-zero eigenval- 
ues of the matrix nii, , , coincide with the eigenvalues of the full matrix A4 up to corrections 
of the order (0) / (a). This can be seen by inserting in the characteristic polynomial of the 

complete matrix XM [M- The result is of order O (^{{(p) / (t))^^ ~ 0. Hence, .^j are to a very 
good approximation the eigenvalues of M.. 

There are no other light states, because the expansion of the polynomial 



XM 



in eigenvalues of the order {(j)) does not yield any new solutions. All other eigenvalues are at 
least of the order 0{{af /Ms). 

A peculiarity of the spectrum of M is the appearance of one heavy Dirac particle, if the 
eigenstate of Ms with zero mass, S, couples to only one right-handed neutrino N . This Dirac 
particle is formed by S and A^. 

The mass spectrum can be easily obtained if Ms = diag (M51, Ads2, 0) in the basis where 
Yn = diag(yi, y2, 2/3). Apart from one zero mass which corresponds mainly to v^, and two 
super heavy eigenvalues Msi and Ms2 for two singlets S, we find 

mi = Msi^, m2 = Ms2^, Mi = -4^^, M2 = -^^^, MDS = y3{^) 



'{ay' Msi Ms2 



that is, two light neutrinos predominantly given by 1/1^2 with masses mi and 7112, two heavy 
neutrinos mostly consisting of with masses Mi and M2 and one heavy Dirac particle of 
the GUT scale mass Mds which is formed by and 5*3. The light eigenstates are mainly 
composed of the left-handed neutrinos and the mixing with other neutral leptons is the order 
Om/{a)). 

The coincidence of the spectrum of mu and the spectrum of light states of A4 is related 
essentially to the fact that the relation between mu and Ms is linear, and the characteristic 



16 



polynomial is linear in the eigenvalues for the non-degenerate case. The same conclusion 
holds for Ms with two zero eigenvalues. 

Let us consider the effect of radiative corrections for this singular case. As long as all 
contributions to a Major ana mass matrix rui, receive the same quantum corrections, the RG 
evolution does not generate non-zero masses from vanishing masses j3Z|. However, between 
the mass thresholds of the RH neutrinos, there are two contributions from the decoupling 
of the RH neutrinos which are renormalized differently. One contribution is due to the d=5 
operator decoupled and the other is due to the contribution of the RH neutrinos which are 
not decoupled yet {Y^M^^YJ) in the intervals M2 — M3 and Mi — M2. Hence, the generated 
mass is proportional to the additional renormalization factor 5Zf^ from the d=5 operator 
between the thresholds and the mismatch between the two mass contributions, i.e. the 
deviation of the unitary matrix transforming from the eigenbasis of the d=5 operator to the 
eigenbasis of Yi,M~^Yj between the thresholds from the unit matrix (See sec. 4 in 
the supersymmetric version, all contributions to the Majorana mass matrix receive the same 
quantum corrections, and hence zero mass eigenvalues remain zero. 



5 Screening, Grand Unification and fiavor symmetry 

Let us discuss the possible origin of the screening structure which results from the mass matrix 
(@J together with the condition ©. The texture of the matrix (jlj) with zero 1-1, 1-3, and 
2-2 blocks can be obtained, e.g., assigning the lepton numbers 

L{v) = L{S) = 1, L{N) = -1, L(0) = 0, L{a) = 

so that the lepton numbers of the blocks in the mass matrix Q equal 



L{M) = -2 . (67) 




Then the texture Q appears if the lepton number is only broken by the Majorana mass terms 
of S. The lepton number can be broken explicitly or spontaneously by the VEV of the new 
scalar field p which has the lepton number L{p) = —2 and couples with 5 only: S^YsSp. 
(The coupling of Majoron with the SM fields in negligible.) The interaction Sp is forbidden 
by the gauge symmetry. The possible non-renormalized term 

LS(f)p 



Mpi 



gives negligible effects due to small VEV {4>). The coupling of p with i' is also forbidden by the 
gauge symmetry. The term NNp is absent in the supersymmetric version due to holomorphy. 

In the non-supersymmetric version or if also the left superfield p'^ exists, an extended 
gauge symmetry can forbid the 2-2 entry. Indeed, in left-right symmetric models N enters 
the doublet of SU{2)ji and the 2-2 block has gauge charge (1,3). The corresponding mass 
term appears once the Higgs triplet Ar exists. 

The whole texture Q) can be a consequence of the gauge symmetry. Let us consider the 
SU{2)l X SU{2)r X U{1) symmetry [IJIMl- The [SU (2) l , SU (2) r] gauge properties of the 
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mass matrix elements are 

/ [3, 1] [2, 2] [2, 1] \ 
G{M)= ... [1,3] [1,2] . (68) 

V [1,1] / 

The required matrix structure is generated if the Higgs bi-doublet with the electroweak VEV, 
the RH doublet with GU-scale VEV and the singlet with Mpi scale VEV exist. No particular 
lepton number prescription is needed. 

In the context of SO(IO) [3], and N belong to the 16-plet and S is a singlet. The required 
texture can be generated by the following Yukawa interactions: 

16 X 16 X IOh + Iat 16 X 1 X TEh + Ys 1 x 1 x 1h, (69) 

where IOh, 16h, and 1h are the Higgs multiplets. To generate matrix Q IOh should acquire 
the electroweak VEV, 16// - the GU scale VEV in N {SU^ singlet) direction and 1// - the 
Planck scale VEV. 

The interactions (|69() do not produce quark mixing, and the Dirac masses of quarks and 
leptons are equal at the GUT scale. So, realistic model should contain some additional 
sources of the fermion masses which may, in general, destroy screening. For instance, one 
can introduce 126-plet of Higgses. Then VEVs of 126-plet in the "triplet" directions will 
generate the 1-1 and 2-2 blocks and therefore should be small enough. An alternative is the 
non-renormalizable interactions of the type 16 x 16 x 16// x 16///Mp;. 

Apparently, the interactions H69|) do not lead to relation @. The equality or proportion- 
ality of the Yukawa couplings © can appear due to 

• further unification of and S; 

• certain flavor symmetry. 

Let us comment on these two possibilities. 

1). The neutral leptons i^, N and S, can be embedded into a single representation 27 of 
the gauge symmetry group Eq 4 . Notice that in this case there are two additional neutral 
leptons in each generation: S' and S" . The screening structure - the matrix Q with the 
equality © can be generated by the couplings 

¥27 27 X 27 X 27// + ^3515 27 x 27 x (351s)// + ^351^ 27 x 27 x (351a)// , (70) 

where the 27-plet as well as the symmetric and antisymmetric 351-plets of Higgses are intro- 
duced. 

In terms of the maximal subgroup SU(3)l x SU(3)/{ x SU(3)c C Eq, the leptons transform 
as L ~ (3, 3, 1). The (SU(3))^ assignment of the neutral leptons is 

u L'^, N ~ L2, S L'^, S' ~ L\, S" ~ 

The neutral components of Higgs multiplets H, Ha and Hs which can acquire VEVs belong 
to 

H C (3, 3, 1) C 27// 
Hs C (3, 3, 1) + (6, 6, 1) C (351s)// 
Ha C (3, 3, 1) + (3, 6, l) + (6, 3, 1) c (351a)// • 
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The Higgs multiplets H and Ha generate the Dirac structure^ and the Majorana mass terms 
are generated by Hg PH] - 

Notice that it is not possible to get a Dirac mass term of 5 = L3 with N = L2, using 27 h 
Higgs multiplet due to antisymmetric (in SU(3) indices) interactions. The symmetric Higgs 
representation (SSls)/^ can generate all mass terms of neutral leptons required for screening. 

1231 -[331 

Indeed, the VEVs of H};.! and HY.;! can be of order of the electroweak scale and of the 

{23} {^■J/ 

1331 

SU(2)/j breaking scale correspondingly. Also its H^^^^ component generates the Majorana 
mass of S. However, with a single (351s)j;^, the structure of matrix Ms will be the same 
as the structure of the Dirac mass matrices. One can introduce a second (351s )/^ which 
produces the mass matrix of S of different structure. 

Another more promising possibility is to use the antisymmetric (351a )// Higgs multiplet 
which can generate all necessary Dirac matrices. It does not produce the Majorana masses 
of S which can be done using (351s)j:^ so that the structure of Ms is different from that of 
Dirac structures. 

The following VEVs of the (351a)// and (351s)j/ components ^ 

(i?A)}) ^ 0(SU(2)l breaking scale) 
{Ha)\^^^^ ^ 0(SU(2)ij breaking scale) 
(^5){- - j) - {{HAi) ^ 0(SU(3)l X SU(3),j breaking scale) 
lead to the double seesaw. Indeed, in the basis {u, N, S, S', S") they generate mass matrix 
/ -Y35u({Ha)\) \ 

(71) 



-y35i^((i^A)rO 



Ys5u[{Ha)1 

V ••• ••• / 

with the required structure for v, N and S. In addition to the mass spectrum of the double 
seesaw, there is one pseudo-Dirac particle formed by S' and S" with a mass of the order of 
the SU(3)l X SU(3)/j breaking scale. 

Notice that interactions with 27// Higgs multiplet can be used to generate sub-leading 
effects, correcting the masses of quarks and producing some deviation from complete screening 
if needed. Furthermore, as the VEVs of components contributing to the 1-3 and 2-2 element 
break SU(2)i invariance, they can only lead to entries of the order of the electroweak scale. 

2). The equality of the Yukawa matrices © can be a consequence of certain flavor 
symmetry (See reviews |391 14U| and references therein.). It implies that the flavor charges of v 
and S are equal and the flavor symmetry uniquely determines the Yukawa couplings of these 
components with A^. For this to happen, the flavor symmetry should be non-Abelian. 



^The 27h and (351a)^ can not generate Majorana mass terms because the corresponding Yukawa inter- 
actions has to be antisymmetric in the SU(3) indices. 

^The upper indices are SU(3)l indices in the fundamental (3) representation and the lower ones belong to 
SU(3)h. The 6 of SU(3) is represented by symmetric 3x3 matrices and described by 2 symmetrized indices. 
Dotted indices belong to the complex conjugate representation (3). Flavor indices are suppressed. 
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In the Froggatt-Nielsen (F-N) approach with U(l) flavor symmetry (and in SO(IO) 
context) we can write 

{ZablQa X 16fe X IOh + ^^feiealb X IQh) ij^) ' (^2) 

where Hpi^ is the F-N scalar with ^7(1) charge -1, Mf is the scale where the operators (|72|) 
are formed and qa are the U{1) charges of fermionic fields 16a- and Z'^^ are supposed 
to be couplings of the order 1, but for screening to work one needs to impose an additional 
proportionality condition Zab = cZ'^^ (c = const). 

Let us comment on a completely different possibility. If S belongs to the 16-plet and N 
is the singlet of SO(IO), the required equality of the Yukawa couplings © is automatically 
reproduced. The screening structure can be generated by interactions 

Y16 X 1 X TEh + Ys 16 X 16 X 126// + Yql6 x 16 x IOh , (73) 

if 16h has the electroweak VEV in the 'V/," direction and the GUT scale VEV in the "i^pt" 
direction, and 126// has the Planck scale VEV in the direction of the SU(5) singlet. The last 
term in (|7.S|) gives the Dirac masses of quarks and leptons and also the Dirac mass term for 
u and S. The mass matrix generated by (|73|) equals 

/ ~0 y(T6//> YgilOn) \ 
M=[YT{T6Hf -0_ y^(T6^>^ . (74) 
V YgilOn) Y{126h) Ys {126h) / 

The 126-plet can also contribute to the 1-1 and 1-3 blocks. However, now Yi, and Y/v are not 
related to the Dirac matrices of quarks, and the problem of screening does not exist from 
the beginning. The usual seesaw contribution due to Dirac matrices which are related to the 
quark mass matrices Yg is suppressed by large (Planck) scale. That is, here we deal with 
suppression and not screening of the Dirac structures. Also in this case it would be more 
natural to identify the RH neutrino with S. 



6 Conclusions 

1) . We studied screening of the Dirac flavor structure in the neutrino masses and mixings. 
Screening is realized in the context of double seesaw mechanism if the Dirac type Yukawa 
couplings of both seesaw steps are proportional to each other. The flavor structure of the 
light neutrino mass matrix is determined (in lowest order) by the flavor structure of matrix 
Ms - the Majorana mass matrix of new singlets at the Planck scale, while the Dirac flavor 
structure is completely screened. The scale of the neutrino masses is correctly determined by 
the scales involved in the double seesaw as Mpivl^y^/MQjj. 

2) . The Planck-scale Majorana mass matrix Mg violates lepton number, while at the same 
time it may have rich flavor symmetries. Screening translates these symmetries of Ms directly 
into symmetries of mjy. The structure of Ms can therefore be the origin of speciflc "neutrino 
symmetries" which do not show up in the quark sector. In particular, Ms can be degenerate 
or quasi-degenerate leading (after the inclusion of radiative corrections) to a quasi-degenerate 



20 



spectrum of light neutrinos. M5, and consequently rriu, can also have certain symmetries 
which result in maximal 2-3 mixing and small 1-3 mixing. A very interesting possibility is 
that Ms may have the bi-maximal structure which explains the quark-lepton complementar- 
ity. Screening allows therefore to reconcile the quark-lepton symmetry expressed as (approxi- 
mate) equality of the Dirac mass matrices of quarks and leptons with the drastically different 
patterns of quark and lepton mixings. Thus the screening mechanism offers interesting pos- 
sibilities in GUT model building. 

3) . The screening mechanism involves the cancellation of mass matrices which arise upon 
symmetry breaking at very different energy scales, namely the electroweak scale and the GUT 
scale. These matrices have different gauge properties leading to differences in the radiative 
corrections which can destroy screening. We studied stability of screening with respect to 
renormalization group effects. 

It has been found that screening is stable in the MSSM and the external renormalization 
of the effective d=5 operator can be small. This means that the structure of the light neu- 
trino mass matrix is still mostly determined by Ms, with small radiative corrections after 
renormalization group running is included. 

In contrast, in the case of the SM, due to the d=5 operator corrections, the screening is 
unstable for certain structures of Ms- The form of the light neutrino mass matrix nii, can 
differ strongly from that of Ms- This can, in fact, be used to explain some features of the 
light neutrinos via renormalization group effects. 

4) . Finally, the structure of the mass matrix (jlj) which leads to screening can be obtained 
using the lepton number or / and gauge symmetry. We outlined how screening could be realized 
in GUTs. The equality of the Dirac type Yukawa coupling matrices of u and N and of S and 

can be a consequence of certain (horizontal) flavor symmetry or further unification of the 
fields. The latter can be realized, e.g., within the framework of Eq gauge models. 



Acknowledgment 

The authors are grateful to B. Stech for valuable comments. The work of A.Yu.S. was sup- 
ported by Alexander von Humboldt Foundation (the Humboldt Research Award). This work 
was also supported by the "Deutsche Forschungsgemeinschaft" in the "Sonderforschungsbere- 
ich 375-95 fiir Astro- Teilchenphysik" and under project number RO-2516/3-1. 



A Appendix 

We use GUT charge normalization for the hypercharge, i.e. | {g^^'^)'^ = (^i^)^- The factors 
Z describing the LL approximation are obtained from the counterterms in Ref. [30^. 

A.l SM 

In the SM extended by RH neutrinos, the wave function renormalization of the RH neutrinos 
is given by 

Z«=expU-,y.r„ln^ (A.1) 
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and collecting the contributions from the renormalization of the left-handed doublets 

1 



'(n)H \ 



the Higgs doublet 



1 / \ 



2 9 2 

-^91 - 2^2 



and the vertex correction to 



87r2 

the external renormalization in the effective theory with n RH neutrinos yields 



(n) 

Zext= exp 



1 



^(n)(") 



327r2 



y.yj -SFen^ + 2tr I y>J +y^yj + gy^yj + sy^yj 



9 2 9 2 



10 



5i 



9i In 



n+l 



(A.2) 



Neglecting the thresholds in the charged lepton sector and the quark sector, the expression 
for the external renormalization factor describing the total external renormalization can 
be further approximated to 



+ 



327r2 
1 



n=0 



(n) W 



y.yj +2tr y,yj 



In- 



n+l 



327r2 



-3yeyJ + 2tr {y,y^ + 3y„y„t + sy^yj) -^9l-\ 
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(A.3) 



Here for uniformity of presentation we have denoted 

Mo = {(f)), M4 = A . 

The renormalization effect due to the additional vertex corrections to the d=5 operator is 
given by 



(n) 

Zi^= exp 



/ 1 



V167r2 



X ^ 9 2 ^ 3 2 \ , Mn 



(A.4) 



The mass of the right-handed neutrinos receives only corrections from the wave function 
renormalization to arbitrary loop order. 
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A.2 MSSM 



In the MSSM extended by RH neutrinos, there are no vertex corrections due to the non- 
renormahzation theorem and the wave function renormahzation yields 

2Y,Y: + 2 y.Fj _^g2 _ In (A.5) 




5"' / M, 



n+l 



(n) / 1 W{n) Mr, \ 

The external renormahzation factor Z^^^ is given by the product of the wave function 
renormahzation of the left-handed doublet with the Higgs doublet 

(n) (n) (n) 

Ze:xt=ZLZ^ (A. 8) 

because the two wave function renormahzation factors commute. As the neutrino Yukawa 
couplings only change at the thresholds (up to 1 loop order), the external renormahzation 
factor can be further approximated by 



, 1 3 /(„)(n) /(n)W\\ 
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